INTRODUCTION AND OBJECTIVES
Drinking water distribution systems are important for delivering water to consumers as well as serving as the last process between the treatment plant and the consumer. Thus, it is important for operators to well understand and manage these systems in order to provide adequate water quantity and acceptable water quality to satisfy consumer demands. However, distribution systems are naturally vulnerable to accidental contamination by, for example, cross connections, and even worse, a range of intentional and surreptitious terrorist attacks including physical attacks and biochemical contaminations (Murray et al., 2005; Uber et al., 2004) . Thus, water utilities may struggle to provide drinking water without degradation of the water quality (Kerne et al., 1995) . These issues have led to an increase in the modeling of transport and water quality dynamics through drinking water distribution systems. In recent years, distribution system network models have become increasingly utilized for water quality analysis, such as optimal sensor placement for providing an early awareness of a potential intrusion event in a distribution system (Berry et al., 2006; Propato, 2006) , and monitoring site selection for compliance with the disinfection byproduct rule (USEPA, 2006) . All of these require accurate representation of transport and water quality dynamics. Thus, accurate water demands -the factor primarily responsible for driving distribution system hydraulics and most influences the overall response of water distribution networks (Garcia et al., 2004) -are vital for adequately representing transport as well as performing water quality simulation.
Consumptive demands are naturally variable in terms of both daily and seasonal fluctuations, and the underlying hydraulics, transport and water quality in the distribution systems vary accordingly. Normally, consumptive demands are estimated on an aggregate scale through billing records by assuming that the demands are deterministic (i.e., known and constant for short time periods) with temporal changes perfectly correlated in space. These deterministic assumptions aiming to asses the average hydraulic conditions are quite rough, and may be more appropriate for a highly skeletonized system since the spatial aggregation of plentiful consumptive demands in that system would possibly reduce the overall impact of demand variability due to averaging. However, as the industry moves towards "all-pipe" network models, where smaller and smaller service areas are considered, these deterministic assumptions may not have the resolution to represent the spatial and temporal changes of the demands and their associated influences on the localized hydraulics and transport in the distribution system. Thus, the lack of demand variability information may no longer adequately represent transport through the system. Additionally, when considering a residential area, the duration of any demand event is generally much shorter than a 1-hour time frame (Buchberger and Wells, 1996) . The short demands can be quite variable during any 1-hour time frame and may include significant time fractions where the demands are zero. Therefore, the "smoothing" of the demands using typical network modeling approaches may not realistically represent the transport associated with these demands, which ultimately impacts the water quality description.
The objective of this study is to investigate the potential impacts of demand variability at three different levels of temporal demand aggregation (e.g., 1-hour, 10-minute, and 1-minute) on the underlying transport and water quality simulation through a large "all-pipe" network model.
METHODOLOGY
Buchberger and Wu (1995) proposed a non-homogeneous Poisson Rectangular Pulse (PRP) model to characterize the stochastic nature of residential water demands. The PRP model is the basis for PRPsym, a C-code developed for generating random water demands via Monte Carlo simulation. There are two basic assumptions in the PRP model: First, PRPsym assumes that the average network demands are known on an hourly basis; Second, the total stochastic water demands generated by PRPsym for the entire simulation period are equivalent to the total deterministic demands of the same period in the original model. Based on the two assumptions, PRPsym will represent those water demands through a sequence of rectangular pulses that represent individual water uses. The occurrence of each pulse is governed by a Poisson process; the intensity and duration of the demands are represented by log-normal distributions and the resulting series of pulses are compiled by PRPsym into second-by-second demands for the simulation duration. Finally, the PRPsym produces time-averaged demands from the second-by-second data for any user defined time scale (Li and Buchberger, 2005) .
The PRPsym code has a variety of functions to generate stochastic water demands for both indoor and outdoor water uses at network nodes or fixtures. In this study, indoor water uses were only considered and the associated algorithms used in the PRPsym are the "pulse generator" model and the "fixture" model. Both of these two models are similar in terms of the specific process and the associated consequences of the pulse distribution from a statistical point of view. The only difference between the two processes is that: the "pulse generator" model generates a series of pulses based on each hour while the "fixture" model generates the pulses based on the entire simulation duration. Therefore, with respect to nodes with a small base demand, it is quite possible that the "pulse generator" model will not generate even a single pulse at some hour, and, under this circumstance, the "fixture" model should be used to generate the stochastic demands (Li and Buchberger, 2005) .
TEST NETWORK AND SIMULATION EXPERIMENTS

Test Network -"all-pipe" network model
Our partner utility's "all-pipe" network model is shown as Figure 1 . The system consists of 12520 consumer nodes, 14822 pipes, two tanks, two reservoirs, four pumps, five valves, and three source nodes. All 12522 consumer nodes in the model are represented by the same, singular demand pattern.
3.2 "All-pipe" Network Characteristics Figure 2 shows the empirical CDF of the base demand and the corresponding average probability of getting zero pulses for a 1-hour, 10-minute and 1-minute temporal aggregation, which indicates an increasing probability of observing no pulses with decreasing temporal aggregations. More importantly, Figure 2 also shows even for every hour there will be nodes with significant probability of getting zero pulses, thus, "pulse generator" model of PRPsym code can not be only used to generate the stochastic water demands for these nodes in the system, and the "fixture" model should be used instead.
In order to generate the stochastic water demands, the nodes in the network model were separated into "pulse generator" and "fixture" groups by: 1) using a Poisson distribution to calculate the "critical" demand that would result in a probability of having non-zero pulses of 99.99%, and 2) comparing the "critical" demand value to minimum demand of each node observed from a 24-hr deterministic simulation. If the minimum demand was below the "critical" demand, the node would be placed in the "fixture" group; else the node would be placed in the "pulse generator" group. As an example, the 1-hour temporal aggregation resulted in a "critical" demand of 0.473 gpm. From Figure 2 , approximately 20% of the nodes have demands less than 0.473 gpm (although most of those nodes have zero base demands). The number of non-zero demand nodes that fall into "fixture" group increases with decreasing temporal aggregation.
Simulation Experiments
Both the "pulse generator" and "fixture" models of the PRPsym code were used to simulate the stochastic water demands and generate a series of EPANET input files with each node receiving its own unique 24 hour demand patterns with respect to the three different temporal aggregations (1-hour, 10-minute, 1-minute). The EPANET toolkit (Rossman, 2000) was linked with PRPsym to perform the water quality simulation.
Water quality simulations were performed as a "chemical intrusion" scenario. The "chemical intrusion" simulation was made by a 3-hr conservative chemical injection, which was simulated by injecting at two source nodes at the 5 th hour. The injection concentration was set at a steady mass injection rate of 100 g/min.
Contaminant transport through the water distribution system was modeled by using EPANET toolkit with a 5-day water quality simulation. From the simulation, parameters with respect to chemical concentration for each minute were collected for all nodes at the three different levels of temporal aggregation and the cumulative mass loading transported to each node was calculated.
Analysis regarding the impacts of stochastic water demands on the transport characteristics was focused on comparing the results of the following two metrics: First, arrival time of the chemical at each node (the threshold chemical concentration was set to be 0.01 mg/L); Second, the time required to reach the half of the maximum mass loading for each node. 2010 -WDSA2010, Tucson, AZ, USA, Sept. 12-15, 2010 Base Demand (gpm) Figure 2: CDF of the base demand and the corresponding average probability of getting zero arrivals for every hour, every 10-minutes and every 1-minute.
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RESULTS
Arrival time of chemicals at all nodes
Yang and Boccelli (2009a) showed that for a small skeletonized network, the demand variability impacted the system transport by changing both the magnitude and direction of flow rate in the pipes. Furthermore, when considering "a short duration chemical injection event", there was an observed discrepancy associated with the travel time and paths of the chemical arriving at the nodes due to the flow reversals and stagnant conditions with a decreasing temporal aggregation (Yang and Boccelli, 2009b) . Therefore, this type of analysis was extended to a large "all-pipe" network model to compare the arrival time of chemicals at all nodes. Here, the arrival time was assumed to be the time that the initial chemical concentration at a particular node was greater than 0.01 mg/L. Figure 3 shows the empirical CDF of the chemical arrival time for "1-hour" case as well as the absolute difference of arrival time between the "1-min and 1-hr", and the "10 min and 1 hr" simulations respectively for one realization. Two general comments can be made from Figure 3 : First, the absolute difference of chemical arrival time between the "1-min and 1-hr" case are generally greater than that between the "10 min and 1 hr" case; Second, there are a small number of nodes in the system with the difference of arrival time greater than 1000 minutes. The reason for this is that in the 1-hour case, there are nodes in which the chemical is never transported, while for both the "10-min" and "1-min" cases the chemical arrives at those nodes.
Multiple realizations of water quality simulations were performed to comprehensively explore the CDF of arrival time between the shorter temporal aggregation cases and the 1-hour case. The comparison of results among different realizations showed that these resulting CDF figures almost overlaped each other. Therefore, the result of the single realization of the water quality simulation sufficiently represents the distribution of arrival time for all nodes between the shorter temporal aggregation scales and 1 hour temporal aggregation scale. 
Time to reach half of the maximum mass loading
The second metric of the analysis was focused on the time required to reach half of the maximum mass loading at each node. Figure 6 shows the empirical CDF of the half-mass arrival time for "1-hour" as well as the absolute differences between the "1-min and 1-hr" and "10-min and 1-hr" cases, which present similar results as the first metric analysis in terms of comparing the CDF of the "1-min and 1-hr" and "10-min and 1-hr" differences. Another observation from this figure is that: there are a smaller portion of nodes with zero differences for this metric relative to the first metric -the arrival time. In Figure 3 , there are about 30% of nodes with zero differences, while approximately 22% are observed in Figure 6 .
Multiple realizations were also performed to further analyze the number of times out of 100 realizations regarding the absolute difference in half-mass arrival times greater than 30 minutes between the shorter temporal aggregations and the 1-hr case. Figures 7 and 8 show the percentage of times in 100 realizations
Water Distribution System Analysis 2010 -WDSA2010, Tucson, AZ, USA, Sept. 12-15, 2010 n, number of simulations Figure 6: The empirical CDF regarding the arrival time for reaching half of the total mass for "1-hour" as well as the absolute difference of that between the "1-min and 1-hr" and "10-min and 1-hr" cases from all nodes that the absolute difference of arrival time in half-mass is greater than 30 minutes between the "10-minutes and 1-hr", and the "1-minute and 1-hr" cases. In both figures, the percentage of zero differences are still the dominant ones, with approximately 60% and 54%, respectively (not shown in these two figures). However, this percentage decreased significantly relative to the results of the first metric (the arrival time), which indicates more nodes were influenced in terms of the second metric. Another interesting phenomena observed was that in Figure 8 , there was a sudden spike occurring at "n=75", which does not occur in Figure 7 . The reason of this is mainly due to numerical issues. Figure 9 shows the exact locations of these nodes, which are aggregated in the northeast corner of the map (the black area shown on the figure) . However, in the nearby area there is a water treatment plant (shown as a black circle in the map) that feeds that area and did not have a chemical injection. So in reality, the water with a chemical concentration would not be transported into that particular area. However, when calculating the half-mass arrival time, the threshold concentration of chemical was not considered, which indicates that even a very low simulated chemical concentration could still be estimated. Upon closer inspection, while the 1-hr case resulted in zero chemical concentration in the area of interest, the 1-minute case was shown to have concentrations in the range of 10 −5 mg/L, which is a numerical inaccuracy not an actual simulated concentration. Therefore, the spike at "n=75" in Figure 8 is not meaningful.
SUMMARY
In general, residential consumptive demands have been represented by a stochastic process model. This study was the first analysis to explicitly explore the impacts of stochastic demands at three different levels of temporal demand aggregation (e.g., 1-hour, 10-minute, and 1-minute) on underlying transport and water quality simulations for a large "all-pipe" network model. In terms of "a short-duration chemical injection" event, demand variability had an increasing influence on the arrival time and time to reach the half-max mass loading for an "all-pipe" network model across spatially diverse regions of the system with decreasing
Water Distribution System Analysis 2010 -WDSA2010, Tucson, AZ, USA, Sept. 12-15, 2010 n, number of simulations The set of nodes resulting a spike at "n=75" for the absolute difference of half-mass arrival time between the "1-min and 1-hr" case.
temporal aggregation scale. Compared to the former study for a small skeletonized network model (Yang and Boccelli, 2009b) , a greater number of nodes in the large "all-pipe" network model were observed to have "significant" differences in arrival time, even greater than 1000 minutes for some nodes. The results of this study illustrate that there are portions of a distribution system where typical deterministic modeling assumptions do not adequately represent localized transport and water quality conditions.
